Abstract A study has been undertaken to analyze the behavior of record high and low values of temperature since the early 1950s for 30 locations spread across Europe. When establishing the ratios of the number of record Tmax to record Tmin values in each year, it is seen that there is a sharp increase in these ratios in the most recent decade. This seems to be an apparent paradox in view of the slow-down in atmospheric temperatures that has been observed since the early 2000s at both the hemispheric and European scales, but closer analysis suggests that the relationship between the record high:low ratios and mean annual temperatures is not linear but rather a square relationship. It is suggested that the record high to record low ratios in both the Mediterranean region and beyond 60°latitude north, observed in the most recent decade, may be related to an amplification of low-level atmospheric temperatures resulting from shorter snow seasons in the north and enhanced summer dryness in the south.
2004), and the equally-dramatic summer of 2010 in western Russia (e.g., Barriopedro et al. 2011) and elsewhere (e.g., Orlowsky and Seneviratne 2011) . This paper will report upon other statistics that serve to highlight the fact that although the rise in annual temperatures since the early 2000s may be much slower than in the previous decade(s), signs of rapid change are still very much present. The starting point for the present study is based on a paper by Meehl et al. (2009) , who investigated the evolution in the ratios of record high maximum temperatures (Tmax) to record low minimum temperatures (Tmin), and found for several thousand locations across the United States that the number of record highs are today roughly double the number of record lows, possibly rising to a ratio of 50:1 by 2100.
The present study uses a somewhat different approach to that reported by the aforementioned paper. Exploiting data from 30 different locations spread across Europe since 1951, the ratios in the number of days per year with record high Tmax and record loe Tmin will be investigated for each calendar day for the 60-year period. It will be demonstrated that the ratio of record highs to record lows has increased throughout Europe during this period, and particularly since the turn of the 21st century. The paper will thus attempt to relate these statistics to the evolution of mean temperatures in the given timeframe, and identify possible underlying causes for the observed geographical distribution in these record high-to-low ratios and their trends.
Data and methods
Figure 1 presents the 30 European stations used in this study that have been selected on the basis of data availability and quality since 1951 through to end-2013. The climate data analyzed in this paper is made available European Climate Assessment and Data archive (ECA&D; Klein Tank et al. 2002) . ECA&D data is updated on a monthly basis and qualitychecked for homogeneity, making it one of the more reliable observational data sets for Europe. Only homogenous data has been selected for this study, in order to ensure greater robustness in the extreme tails of the temperature PDFs that are sensitive to the quality of observational data. Figure 2 suggests that for the Northern Hemisphere, the rising trend of temperatures that was particularly sustained from the 1980s to the early 2000s has tailed off in the past decade. This figure also plots the annual temperatures anomalies (computed on the basis of the 1961-1990 baseline) for the 30 European locations used in this study and defined in Fig. 1 ; the data has been smoothed with a 5-year running mean. The European records highlight the fact that multi-annual / decadal trend reversals have existed in the past, for example in the late 1950s or the mid-1970s, while nevertheless embedded within a clearly-rising trend of about 1°C in the last 30 years of the record.
Unfortunately not all of the many stations integrated within ECA&D span the duration required for this study (i.e., from 1951 to 2013), so that it was necessary to limit our study to the 30 stations that are mapped in Fig. 1 . These data fulfill the requirements that were a prerequisite for the present paper, namely length of record; homogeneity of the data; and a representative geographical spread across the continent. For some of the stations, where data is missing for short periods, simple linear interpolation based on the neighboring data points has enabled to fill these gaps, with a very low risk of missing important low or high record temperatures.
In a similar manner to previous studies undertaken on European temperature modulation by dry conditions (Beniston 2012 ) and on "climate analogs" (Beniston 2013 ), a number of continent-wide transects have been defined. In the previous studies by this author, transects were established either on the basis of their potentially-common characteristics (e.g., Mediterranean-type climates), or the latitudinal temperature gradients that may differ fromor be similar to -one another according to where on the continent these transects have been located (e.g., Atlantic seaboard; Eastern Europe; etc.). For example, in Beniston (2012) , the transect approach used there helped identify three regimes of dryness in Europe that enabled a clustering of stations with similar climatic characteristics. In the present study, the transects have been established to emphasize their potentially-common characteristics (e.g., Mediterranean-type climates), or to highlight possible latitudinal temperature gradients that may differ from -or be similar to -one another according to where on the continent these transects have been located (e.g., Atlantic seaboard; Eastern Europe; etc.). As will be shown in the paper, the transect approach enables a possible explanation of some of the findings related to extremes of heat or cold. The transects established for the purposes of the present paper enable a wide range of climates to be sampled along three north-south and two east-west continental sections, namely:
1. the Atlantic seaboard from Lisbon through to Hopen, located off the main island of Svalbard in the Arctic Ocean; 2. from Spain to Finland in the western half of Europe; 3. from Serbia to the Arctic Ocean in the eastern part of Europe; There are of course numerous other metrics that can be used to define the behavior of distribution tails or test the significance of trends in such metrics. The metric used here may in some instances more readily understood by non-experts. For example, a statement such as "there are more than four times the number of record high temperatures than record low temperatures today than was the case 30 or 40 years ago" more readily conveys the notion of a significant change than more abstract notions of shifts and trends in the tails of probability density functions. In a world where Science often has difficulties in communicating efficiently with Policy, relatively simple metrics that are readily understood can become powerful tools to convey scientific outputs to various end-users (general public, policymakers, stakeholders, etc.). Indeed, it is for this reason that ratios of record high: record low values of temperature have been used here, because using differences as opposed to ratios will not necessarily communicate quite the same message. Furthermore, ratios can exhibit similar values, (i.e., twice of four times record highs over record lows…) in regions where the absolute numbers may be very different -and where the use of differences between high and low record numbers may mask what are indeed significant changes over time.
Results and discussion
Based on the analyses of the ratio of the number of days with record high and record low temperatures, two principal questions arise that this paper will attempt to answer, namely: 1) Why do the ratios of high to low records of Tmin and Tmax increase rapidly in the most recent decade of the record despite a slow-down in Northern Hemisphere and European temperature trends during this same decade? 2) Are there mechanisms that can serve to explain the geographical and temporal differences in high:low record temperature ratios?
3.1 Time evolution of record high Tmax:record low Tmin ratios Repeating the procedure employed by Meehl et al. (2009) , Fig. 3 shows the decline in the number of records of daily minimum (Tmin) and daily maximum (Tmax) temperatures. It is seen on the logarithmic scale that the decline scales with a 1/n profile, whose curve has been added to this figure; n is the number of data points for a given location (i.e., time in this instance, namely 365 days x 63 years). In the first year of a time series, daily temperatures are all obviously record values, but as time goes by, additional records are increasingly difficult to come by. Arnold et al. (1998) , Meehl et al. (2009) or Rahmstorf and Coumou (2011) inter alia have demonstrated that in a stationary system, the number of records observed over time n should decrease as 1/n. The likelihood of exceedance of a particular record is thus represented by an asymptotic curve with probability 1/n. Meehl et al. (2009) further show that deviations from the theoretical curve can be the result of different natural variability and/or long-term non-zero trends in temperature. The inset graph in Fig. 3 further shows the evolution over the period of record of the ratios in the number of records of Tmax over those of Tmin. By the end of the time series, Tmax/Tmin ratios rise to about 1.5, although the graph is clearly very noisy. The ratio found here is somewhat lower than the factor of 2 observed by Meehl and co-workers -a possible consequence of the lower number of stations used here -but nevertheless confirms that in Europe too, there are similar shifts towards warmer records. . From the 1960s to the 1990s, there is an alternation of years with similar numbers of low and high records; the situation changes in 1987, which is the "crossover year" following which the record high values of Tmax largely outnumber the record low values of Tmin. In this paper, the crossover point is identified as the year beyond which there are no more than two events through to 2013 during which the number Tmin records exceed the number of Tmax records. This is of course a rather arbitrary choice, but is based on the fact that less than 5 % of the data points beyond the crossover year exhibits an event where the number of days with Tmin records outnumber those with Tmax records.
The inset graph in Fig. 4 highlight the linear trends in the number of days per decade for the entire 60-year record. For Lisbon, the sharpest decline in the number of Tmin records occurs in the 1970s (roughly 1 day per year), and the trend remains negative thereafter (but very close to zero in the 2000s because the number of minimum temperature records fluctuates within 0 to 1 days per year). In contrast the linear decadal trends of Tmax record numbers fluctuates around the zero line until the most recent decade, where a strong trend of almost 12 days/ decade is observed.
In the case of Bear Island (located between the North Cape of Norway, and Svalbard at 74.5°latitude north, not shown), the 1960s were characterized by a particularly large number of record low values of Tmin (32 in 1962 and 44 in 1968) and a small number of record high values of Tmax (between 0 and 5 during the 1960s). In the first decade of the 21st century, Figure 5 illustrates the decadal-scale ratios of numbers of high Tmax:low Tmin records for all stations in the 5 European transects defined in Fig. 2 . The use of aggregated data for each decade does not enable robust statistical trend analyses, but the choice has been made here for the purposes of clarity compared to the noisiness of annually-resolved data. In addition, data aggregated over several years avoids problems of zero values that can occur in individual years.
For almost all transects, the ratios are seen to range generally from between 0.5:1 and 2:1 up to the 1980s, but in the 1990s and particularly in the first decade of the 21st century, there is a very sharp rise in their values. Along Transect 1, and in the decade 2001-2010, ratios span a range from 2.6:1 in San Sebastian, Spain, to 25:1 in Hopen, Norway; from 3:1 in Madrid to close to 7:1 in Finland along Transect 2; from 3:1 to almost 8:1 on the eastern European segment (Transect 3) from Nis, Serbia, to St Petersburg and Murmansk, Russia. For the two east-west segments, ratios range from less than 3:1 in Dublin to close to 6:1 in Odessa (Transect 4), and in the Mediterranean sector (Transect 5) lie between 5:1 and 6:1.
In order to extend the analysis to earlier periods than the 1950s discussed here, a number of Swiss stations whose daily data is available at least the beginning of the 20th century have been analyzed. Figure 6 shows the decadal evolution of the number of high Tmax : low Tmin records since 1901 in Basel. This example helps highlight the fact that extending back to the beginning of the 20th century leads to identical conclusions as to the strong rise in ratios in the most recent decade. Conducting the same analyses that lead to the establishment of the numbers of record high Tmax to record low Tmin, Fig. 7 illustrates that if the upper and lower records of Tmin and Tmax are taken separately, the conclusions remain the same. In the example given here, for Barcelona, Spain, the ratios of numbers of record high:low Tmin and of Tmax events exhibit the same sharp rise in the most recent decade.
As previously mentioned there would be no statistical reason for hot records to be more frequent than cold records in a stationary climate, which is clearly not the case when analyzing the results portrayed in Figs. 4 and 5. A shift in the position of the mean of the probability density functions (PDF) of Tmin and Tmax towards warmer conditions is generally accompanied by a shift of the entire PDF towards warmer temperatures. If the change in variance is small, this implies that the tails of the distribution -where the record high and record low values are located -favor an increasing number of upper extremes at the expense of lower extremes. Even with a change in variance, where the distance between the tails expands, there Fig. 2 is a strong likelihood of a disproportionate increase in the number of record high extremes compared to record low values. In general, it is seen that the tails of narrower distributions are highly sensitive to shifts in the mean; indeed narrow distributions are more a characteristic of the PDFs of Tmin than those for Tmax. The question remains as to why sharp increases in the value of high:low record temperatures are observed in the most recent part of the study period 1951-2013 without a correspondingly strong rise in temperatures since the end of the 1990s. It would seem intuitively reasonable to think that shifts in ratios could follow the rate of change in mean temperatures, i.e., strong increases in the number of Tmax records at the expense of Tmin records in the 1990s, where the strongest rates of mean warming are observed, rather in the 2000s when rates of warming are a factor 2 or 3 lower. This apparent paradox can be at least partly be explained by examining the relationship between the mean temperature anomalies for all 30 stations and the high:low record days, provided in Fig. 8 . Here, the average decadal temperature departures from their 1961-1990 climatological means, given on the abscissa, have been plotted against decadally-aggregated ratios on the ordinate. There are thus 180 data points (30 stations x 6 decades) that combine both the geographical spread of stations and their changes over time since the 1950s.
The best fit for the temperature anomaly to record ratios is defined by a quadratic curve, which helps explain close to 85 % of the variance of the data plotted in this figure. Since the temperature-record ratio relationship is not linear, this can explain the strong increase in high:low record ratios between the 1990s and the 2000s despite the small additional rise in temperatures in the intervening period. The quadratic curve suggests that for "normal" temperature conditions, i.e., with a temperature anomaly of 0, the record high:record low ratio range from 0.5:1 to 1:1 (i.e., close to parity between the number of days exhibiting record high Tmax and record low Tmin values in "normal" years), rising to 3:1 for a 1°C anomaly and close to 9:1 for a 2°C anomaly. Clearly, in the context of already high values of temperatures in the 1990s, any additional incremental warming -even apparently modest as seen in Fig. 1 can lead to strong increases in the record high:low ratios. Although the power relationship is modulated by a number of outliers in the upper-right segment of the graph, removal of these outliers (all ratio values above 7) still results in a quadratic curve that explains over 70 % of the Fig. 8 Relationship between mean temperature anomalies and Tmax:Tmin record temperature ratios variance in the data. The statistical significance of the regression line is high at the 99 % level for both the full curve and the curve without the outliers.
The non-linear relationship between a shift in mean temperatures and the number of record ratios can be further explained by shifts in the properties of the probability density functions (PDF) of the Tmin and Tmax distributions. As a result of changes in the position of the mean, a shift in the entire PDF is accompanied by an exponential rate of change in the tails of the temperature distribution (negative for Tmin; positive for Tmax), such that the ratios between the upper and lower tails may rapidly change with an apparently minor increase in mean temperature, as shown inter alia by Rahmstorf and Coumou (2011) and Simolo et al. (2011) . In this latter paper, the authors comment on the fact that changes in the means of temperature are the main drivers of extreme heat in Europe, much more than shifts in variance or skewness of the PDF of Tmax. Additional work by Simolo et al. (2012) have shown that "The inherent nonlinearity between changes in PDF moments and tails becomes apparent …, since the time evolution of EPs is controlled by the behavior of the underlying density function. For normal distributed data, for instance, rates of change in EPs [Exceedance Probabilities] scale exponentially in time".
As an example, the observational station of Lisbon, Portugal -that exhibits a strong change in the ratio of the number of Tmax:Tmin extremes -has been chosen to illustrate this point. Figure 9 shows the normal distributions of Tmin and Tmax, based on the mean and standard deviation properties of temperatures, for the 1950s and the 2000s (i.e., the coldest and warmest decades of the series, respectively).
The warming in both series over the half-century (1.5°C for Tmin; 1°C for Tmax) sees a shift to the right of the PDFs of both Tmin and Tmax. Figure 10 highlights the implication of the overall shift in PDF on the speed of change in the respective lower Tmin and upper Tmax tails between these two decades. This figure simply shows the change, as a function of the observed temperatures in Lisbon, Portugal (Tmax above the zero line, Tmin below), in the frequency of occurrence of Tmin below the 10 % quantile and of Tmax above the 90 % quantile, based on the normal cumulative distribution of temperature for that particular location. The decrease in frequencies of the lower tails of Tmin and the increase in frequencies of the upper tails of Tmax take on an exponential character that lead to the rapid divergence in the Tmin and Tmax frequencies with increasing temperatures, it is therefore not entirely surprising that very large ratios in the number of Tmax records over the number of Tmin records emerge in the most recent decade of the observational data.
Geographical distribution of record high Tmax:record low Tmin ratios
In the Supplementary Material available on-line, some ideas concerning the possible physical mechanisms that could explain the very high ratios, particularly for the Mediterranean zone and Northern Europe and the Arctic, are discussed. It is shown that shorter snow seasons in the northern latitudes and drier conditions in the Mediterranean domain may lead to positive temperature feedbacks and thus to a sharp rise in the number of Tmax records and decline of Tmin records.
Concluding remarks and outlook
The present study has shown that there has been a clear and massive increase in the number of days per year with record high Tmax: record low Tmin ratios in the most recent decade of the 1951-2013 temperature record for 30 selected observation stations in Europe. This sharp increase is seen to occur despite a reduction in the rate of warming since the early 2000s, as observed not only in Europe but also at the hemispheric scale. The sharp rise of high:low temperature ratios since 2000, despite relatively small increases in mean temperatures in the last 10-15 years of the observational record, can be explained by a non-linear (quadratic) relation between mean temperatures and the Tmax:Tmin record ratios. It is suggested here that the increases may well be a consequence of increasing dryness during the summer in the Mediterranean region (where today there are on average 30 more dry days than in the 1950s), and a reduction in the cold season conducive to snow days in Arctic summers and Northern European springs (with up to 40 freezing days less than 60 years previously). Both effects can amplify positive temperature feedbacks in the lower atmosphere that in turn can lead to in strong increases in the number of record high Tmax values and correspondingly strong reductions in the number of Tmin records.
Future work could aim to use regional climate model projections to establish how these ratios may change in the future in a warmer world, i.e., to see whether the observed trends of high:low temperature records in the last 60+ years would pursue their acceleration through to 2050 or 2100, as suggested by the power curve exhibited in Fig. 8 . Based on this curve, it is estimated that a sustained warming of 4°C would lead to ratios close to 30:1, while a 5°C warming in Europe would result in ratios of about 45:1. These figures are consistent with the findings reported by Meehl et al. (2009) for a simulated future climate.
